Although seed oil production and composition are genetically controlled, changes of oil level and oil composition across genotypes and environments such as drought and temperature were observed. The mechanisms of how genotypes interact with environment, affecting oil production and composition, are still not well understood. The objective of this research was to investigate the effect of drought/water stress and temperature on soybean genotypes. Two soybean genotypes of maturity group (MG) II (PI 597411 B and PI 597408) and two of MG VI (Arksoy and PI 437726) were used. A repeated greenhouse experiment to study the effect of water stress and a repeated growth chamber experiment to study the effect of temperature were conducted. The results showed that both water stress and high temperature altered seed oil composition by increasing oleic acid and decreasing linoleic and linolenic acid concentrations. Severe water stress (soil water potential between −150 to −200 kPa) or high temperature (40/33˚C, day/night) resulted in higher palmitic acid and lower stearic acid. Genotypes differed in their responses to water stress or temperature. Analyses of seed carbohydrates (glucose, fructose, sucrose, raffinose, and stachyose) showed a significant decline of glucose, fructose, and sucrose and a significant increase of stachyose concentration by water stress and high temperature. Analyses of natural abundance of δ 15 N and δ
Introduction
Soybean oil composition determines the oil quality. Soybean oil is composed of saturated and unsaturated fatty acids. Saturated fatty acids are triglycerides (glycerol with three molecules of fatty acids). In saturated fatty acids, all carbon atoms are occupied by hydrogen with no double bonds between the carbon atoms. However, in unsaturated fatty acid, at least one double bond exists between carbon atoms. Major saturated fatty acids are palmitic (C16:0; 10 to 12%) and stearic (C18:0, 3 to 5%), and major unsaturated fatty acids are oleic (C18:1; 24%), linoleic (C18:2; 54%), and linolenic (C18:3, 8.0%). In fatty acid triglycerides the hydroxyl groups (HO-) of the glycerol join the carboxyl groups (-COOH) to form ester as follows: HOCH 2 CH(OH)CH 2 OH + RCO 2 H + R'CO 2 H + R''CO 2 H → RCO 2 CH 2 CH(O 2 CR')CH 2 CO 2 R'' + 3H 2 O (R, R', and R'' refer to fatty acid 1, 2, and 3, respectively) [1] . Soybeans with higher levels of monounsaturated fatty acids such as oleic acid or polyunsaturated fatty acids such as linoleic or linolenic are more desirable for human consumption than saturated fatty acids. However, from soybean processing perspective, higher levels of polyunsaturated fatty acids contribute to oil oxidative instability, short shelf life, and rancidity. Therefore, soybean seed with higher levels of oleic acids and lower levels of linoleic or linolenic acids are desirable to minimize hydrogenation of the oil. The hydrogenation proc-ess was reported to have undesirable health effects by increasing the risk of coronary heart disease and resulting in higher LDL-cholesterol and lower HDL-cholesterol [2] . During the partial hydrogenation polyunsaturated fatty acids such as linolenic acid are converted to oleic and stearic acids, reducing polyunsaturated fatty acids to about 18% and linolenic acid to below 2% [3] . The hydrogenation process led to increased demand for lowlinolenic soybean oil, allowing food processors to reduce the need for hydrogenation, thus reducing trans fatty acids in foods. The health benefits of soybean oil were previously reported [4] [5] [6] .
The amount of oil and oil composition (individual fatty acids) in soybean was reported to be affected by genetics (cultivars, genotypes within cultivars, and maturity genes) and environment, especially drought and temperature/heat, and their interactions. Although the mechanism of how the genetics and environment affect the stability of oil level and its composition is not yet understood, alteration of oil level and its composition was observed under these conditions. It was reported that seed developed under higher temperature had lower linoleic and linolenic acid concentrations, but higher oleic acid concentrations [7, 8] . Other researchers, using 17 normal and modified fatty acid genotypes across 10 environments, investigated the effects of average temperature over the final 30 days of the reproductive period on oleic and linolenic acids [9] . They found that the concentration of oleic acid in modified mid-oleic genotypes were less stable than in those of reduced oleic acid, and mid-oleic (50% -60% oleic acid) lines, N98-4445A and N97-3363-4, and the elevated oleic acid line M23 (up to 80% oleic acid) was the most stable genotype. Reduced linolenic acid genotype IA 3017 (1% linolenic acid) showed higher stability of linolenic concentration across environments, but higher linolenic acid genotypes showed less stability [9] . They concluded that soybean lines with stable oleic acid and linolenic acid across environments could be used as a source for germplasm development and crops with desirable fatty acids composition. Studying the effect of planting date on normal (Century cultivar) and low-linolenic soybean genotypes (C1640 and 9509: genotypes differ in linolenic acid due to alleles at the fan locus), it was found that palmitic acid concentration decreased and stearic acid increased with later planting [10] , and linolenic acid concentration was more sensitive than other fatty acids which was due to temperature changes coinciding with late planting [10] . In a greenhouse experiment, the concentration of linolenic acid decreased from 105 to 66 g/kg as daytime temperatures in the greenhouse increased from 21˚C to 29˚C [7] , concentrations of linolenic acid decreased from 164 to 50 g/kg, linoleic acid decreased from 558 to 403 g/kg, and oleic acid increased from 131 to 387 g/kg as day/night temperature increased from 18/13˚C to 33/28˚C [11] . There were no changes in palmitic and stearic acids with temperature changes [11] . Investigating five low-linolenic acid lines at day/night temperatures ranging from 15/12˚C to 40/30˚C, linoleic and linolenic acids concentration decreased, oleic acid concentration increased, and palmitic and stearic acid concentrations remained relatively stable in the five lines [12] .
Drought is another environmental stress factor that affects seed oil stability and deposition, especially during seed-fill stages (R5-R6). Research on drought and water stress effects on oil changes was previously reported. For example, it was reported that severe drought stress during seed-fill stage can lead to up to 12.4% oil decrease [8] , and drought stress can increase stearic acid and decrease oleic acid [8] . However, the increase or decrease depended on the severity of drought [13] . In a field experiment investigating the effect of irrigation on oleic and linolenic fatty acids in elevated modified oleic acid and/or reduced modified linolenic acid genotypes, it was found that irrigation did not affect unsaturated fatty acid concentration [14] . However, oleic acid tended to increase and linolenic acid tended to decrease in elevated oleic acid and reduced linolenic acid genotypes, respectively, indicating the significance of optimum irrigation for maintaining optimum fatty acid levels in seed [14] . It was reported that seed-fill period is a critical stage for the plant, and exposure of the plant to water stress during this stage would affect the inverse relationship between oil and protein with temperature [14, 15] . It was concluded that drought affects total oil levels [8] , alters fatty acid composition [16] , and affects oil stability and oil processing. It was observed that soybean seed damaged in the field and exposed to frost, heat, and moisture resulted in low refined oil quality and oxidative stability [17] . Drought also led to shrinking and cracking [17] , shriveling and seed coat wrinkling [18] , resulting in poor oil quality and processing concerns [17, 18] .
Therefore, development of drought tolerant soybeans with stable high oleic and low linolenic acid genes across geographical locations and under environmental stress factors such as drought and high temperature is critical to maintain the stability of oil production and desirable fatty acid composition. To achieve this goal, it was suggested that the instability of conventional cultivars and midoleic acid germplasm across environment was mainly due to temperature changes, affecting fatty acid enzymes [10, 19] such as oleate and linoleate desaturases, decreasing oleyl and linoleyl desaturase activities at 35˚C [20] . Also, it was found that ω-6 desaturase enzyme, encoded by the FAD2-1A gene, was degraded at high growth temperatures of 30˚C [21] . Research on transcript level of the functional GmFAD2 isoforms, FAD2-1A, FAD2-1B, FAD2-2B and FAD2-2C, showed that high level of expression in FAD2-2C was observed when soybean was grown at temperature 18/12˚C day/night during pod development stage [22] . Other researchers investigated the level of expression of omega-6 desaturase GmFAD2 genes and genes controlling seed oleic acid concentration in modified mid-oleic acid soybean mutant M23, and found lower expression of GmFATB1a, GmFAD2-1A, GmFAD2-1B, GmFAD2-2, and GmFAD2-3, but higher expression of the GmSACPD-C.
Recently, it was found through a breeding program that the mutant FAD2-1B alleles were associated with high oleic acid concentration, but the FAD2-1B mutant alleles alone could not produce high oleic unless FAD2-1A mutations were combined with the novel mutant FAD2-1B alleles [23] . The resulted combined mutation produced 80% oleic acid, and this was recovered for lines that were only homozygous for both mutant alleles. The stability of these lines with 80% oleic acid was tested in different environments and stability of this trait across tested environments was shown [24] . In spite of the tremendous research efforts in developing such modified high oleic germplasm and its stability with temperature changes, more research is needed to show that production components and other seed quality traits in non-GMO or GMO soybeans with desirable fatty acid composition are not compromised across wider environments and geographic locations, especially under environmental stress factors of drought and high heat. The objective of this research was to further evaluate the responses of soybean genotypes of different maturities to moderate and severe water stress and to warm and high temperatures. Since sugars, nitrogen, and carbon metabolism are associated with oil and fatty acids metabolism, and in order to explain possible mechanisms accompany oil and fatty acid changes under these stress conditions, seed sugars (monosaccharaides: glucose and fructose; disaccharides sucrose; trisaccharides, raffinose; tetrasaccharides, stachyose), and nitrogen and carbon fixation using natural abundance δ 15 N and δ
13
C isotopes were also analyzed.
Materials and Methods
Greenhouse and growth chamber experiment were conducted, and each experiment was repeated twice. Four soybean genotypes were used, two soybean genotypes of MG II (PI 597411 B and PI 597408) and two of MG VI (Arksoy and PI 437726). Soybean plants were divided in different sets, and the treatments were well watered (soil water potential between −15 to −20 kPa) (water field capacity) (W), water stressed (WS) (soil water potential between −90 and −100 kPa), and severely water stressed (SWS) (soil water potential between −150 to −200 kPa). For the high temperature experiment, soybean genotypes were grown under growth chamber conditions with photon flux density of about 1000 μmol·m −2 ·s
, supplied with a combination of 10,400 W high pressure sodium and metal halide lights. Temperatures were 25/20˚C (normal), 36/28˚C (warm), and 40/33˚C (high). Plants were grown in clay soil with 8% sand, 31.6% silt, and 60.4% clay, and contained adequate macro-and micronutrients. Uniform size seedlings at about V1 stage were transplanted into 9.45 L size pots filled with soil. Water stress treatment in the greenhouse and temperature stress treatment in growth chambers were applied at seed-fill stage (R5-R6). Soil water potential was monitored daily using Soil Moisture Meter (WaterMark Company, Inc., Wisconsin, USA). Seed composition analysis was conducted at harvest maturity (R8 stage).
Fatty Acid Analysis
Seed composition analysis was conducted at harvest maturity (R8 stage). Briefly, 25 g of seed from each plot was ground using a Laboratory Mill 3600 (Perten, Springfield, IL). Palmitic, stearic, oleic, linoleic, and linolenic fatty acids were analyzed using near-infrared (NIR) reflectance [25, 26] , diode array feed analyzer, Perten. The calibration was developed by the University of Wisconsin, USA using Perten's Thermo Galactic Grams PLS IQ software. The calibration was developed for unique samples using AOAC methods [27, 28] . The fatty acid were analyzed and expressed on an oil basis.
Seed Analysis for Sucrose, Raffinose, and Stachyose
Seeds collected at harvest maturity (R8 stage) were analyzed for sucrose, raffinose, and stachyose concentrations according to previous methods [25, 29] . Analyses were conducted by near infrared reflectance (NIR), using an AD 7200 array feed analyzer (Perten, Springfield, IL), as previously described [29] . Briefly about 25 g of seed from each plot were ground using a Laboratory Mill 3600 (Perten, Springfield, IL). Sugar analyses were performed based on a seed dry matter basis [25, 29, 30 ].
Seed Glucose Determination
Seed glucose was determined according to the enzymatic reaction using Glucose (HK) Assay Kit from Sigma, USA, Product Code GAHK-20. Glucose is phosphorylated by adenosine triphosphate (ATP) catalyzed by hexokinase. During this reaction glucose-6-phosphate (G6P) is formed, then oxidized to 6-phosphogluconate in the presence of oxidized nicotinamide adenine dinucleotide (NAD) in a reaction catalyzed by glucose-6-phosphate dehydrogenase (G6PDH). During this oxidation reaction, an equimolar amount of NAD is reduced to
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NADH. The consequent increase in absorbance at 340 nm is directly proportional to glucose concentration in the sample. The Glucose (HK) Assay Reagent was reconstituted according to the manufacturers' instructions (Sigma, USA) in 20 ml deionized water. Mature seed samples were ground using a Laboratory Mill 3600 (Perten, Springfield, IL) to obtain uniform particles. A random ground sample of 0.1 mg was extracted with deionized water. After the extract was diluted, a sample of 100 μl was added to 1ml of the Glucose Assay Reagent in a cuvette and incubated at room temperature for 15 min. A sample blank and a reagent blank were also prepared. The absorbance was read at 340 nm after 15 min, using a Beckman Coulter DU 800 spectrophotometer (Fullerton, CA). The concentration of glucose was expressed as mg·g·dwt −1 .
Seed Fructose Determination
Seed fructose was determined by an enzymatic reaction according to Fructose Assay Kit from Sigma, USA, Product Code FA-20. Fructose is phosphorylated by ATP in a reaction catalyzed by hexokinase. After the conversion of fructose 6-phosphate to G6P by phosphoglucose isomerase (PGI), the oxidation of G6P to 6-phosphogluconate takes place in the presence of NAD in the reaction catalyzed by glucose-6-phosphate dehydrogenase (G6PDH). During this oxidation reaction, an equimolar amount of NAD is reduced to NADH. The increase in absorbance at 340 nm is directly proportional to fructose concentration in a sample. Mature seed samples were ground using a Laboratory Mill 3600 (Perten, Springfield, IL). A random sample of 0.1 mg was extracted with deionized water, and the sample solution was heated to aid extraction. The extract was diluted, and a sample of 100 μl was added to 2 ml of the Glucose Assay Reagent and 0.02 ml PGI in a cuvette and incubated at room temperature for 15 min. A sample blank and a sample of Glucose Assay Reagent blank and PGI blank were also prepared as recommended by the manufacturer. Samples were read at absorbance 340 nm after 15 min, using a Beckman Coulter DU 800 spectrophotometer (Fullerton, CA). The concentration of fructose was expressed as mg·g·dwt C isotopes was conducted on about 0.9 mg of ground seeds as previously described [31] [32] [33] [34] . Isotopic analysis was performed using a Thermo FinniGlyn Delta Plus Advantage Mass Spectrometer with a FinniGlyn ConFlo III, and Isomass Elemental Analyzer (Bremen, Germany). Isodat software version 2.38 was used to calculate Delta values. The elemental combustion system was Costech ECS 4010 with an autosampler (Bremen, Germany).
Experimental Design and Statistical Analysis
Water stress experiment was a split plot design with irrigation as the main plot and genotype as subplot. Four replicates were used. For the temperature experiment, a randomized complete block design was used. Three sets were grown under different temperatures. One set was grown under 25/20˚C, another set at 36/28˚C, and another at 40/33˚C. Statistical analyses were conducted with Proc Mixed in SAS [35] , and means were separated by Fisher's least significant difference test at 5% probability. Since there were no interactions between experiment one and two, the data were pooled and combined.
Results and Discussion
Analysis of variance showed that water stress and genotype had a significant effect on seed composition in both maturity groups (Tables 1 and 2 ). Similar observation was recorded for the effect of temperature on seed composition (Tables 3 and 4) . No interactions between experiment (E) and other parameters were observed, indicating similar effects of both water stress and temperature on fatty acids. Oleic, linoleic, and linolenic acid concentrations were the main constituents that were affected by water stress, and palmitic, stearic, and to some extent total oil concentrations were the least affected by water stress.
Effect of Water Stress
In MG II, water stress resulted in a significant decrease in oil, linoleic and linolenic concentrations compared with seed in well watered (W) plants (Table 5) . However, the opposite trend for oleic acid concentration was observed in WS plants. In severe water stressed plants (SWS), seed oil, linoleic, and linolenic acids decreased compared with W plants. Water stress resulted in higher oleic acid concentrations in PI 597408 than PI 597411 B (Table 5) , reflecting genotype differences. Genotypes showed differences in the concentration of oil and fatty acids, and these differences were bigger under water stress conditions. In MG VI, water stress did not result in a significant decrease in total oil in Arksoy but resulted in a significant decrease in linoleic and linolenic acids ( to water stress, in spite of the significant increase in palmitic and decrease in stearic acid concentrations in all cultivars under severe water stress.
The increase of total oil and oleic acid concentrations and decrease of linoleic and linolenic acid concentrations may be due to water stress altering the rate of oil and fatty acids accumulation by, possibly, affecting fatty acid desaturases (enzymes controlling fatty acid conversion).
Effect of water stress or drought was previously reported, but mechanisms of how these effects occur are still not completely known. For example, it was reported that drought stress during seed-fill (R5-R6) stage can alter fatty acid composition in soybean seed, and severe drought resulted in a decrease of total oil up to 12.4%. Other researchers reported that the increase or decrease of seed oleic, linoleic, and linolenic fatty acids depends on the level of drought [13] . Effect of irrigation under field conditions was investigated [14] . They reported that when they compared irrigated with non-irrigated soybean, oleic acid tended to increase and linolenic acid tended to decrease in genotypes with high oleic acid and low linolenic acid. It was concluded that water stress during seedfill stage is critical because of the inverse relationship between oil and protein with temperature [36] . The effect of 11 environments on modified low saturated fatty acid, combined with low (1%) linolenic and elevated oleic acid was studied in Missouri and Iowa, USA. They found that the lines with the highest oleic acid concentration generally had the most variation across environments [37] . Oleic acid and linoleic acid contents were significantly affected by seasonal precipitation, but palmitic, stearic and linolenic concentrations were the least sensitive to seasonal changes [16] . It can be concluded that drought decreases total oil [8] , alters fatty acid composition [16] , and impacts oil stability [18] . The effect of drought on seed composition gives an opportunity to breeder and biotechnology researchers to develop drought tolerant soybeans with stable desirable fatty acid traits. The different responses between genotypes in each MG to drought signify the importance of soybean genotype selection for optimum seed fatty acid composition, especially under stress environments such as drought. It was reported that differences in seed protein, oil, and fatty acids could be due to cultivar/genotype differences [38, 39] , maturity group [40] , or irrigation management [41, 42] , and the increase or decrease of oil may depend on the severity of water stress (drought) [13] , genotype [38, 39] , maturity time [40] , and interactions between seed constituents, genotypes, and environments [25] .
Effect of Temperature
In MG II genotypes, increasing the temperature from 25/20˚C to 36/28˚C resulted in higher oleic acid and lower linoleic and linolenic, but did not change total oil in both genotypes ( Table 7) . In high temperature (40/ 33˚C), however, total oil decreased as well. In MG VI genotypes, temperature increase resulted in higher oil and oleic acid, and lower linoleic and linolenic acid (Table 8). Maturity group VI responded differently to temperature where PI 597411 B had higher oleic acid and lower linoleic and linolenic acid concentrations than Arksoy. Palmitic and stearic concentrations were the least sensitive to temperature changes, although changes at (40/33˚C) were also observed.
Previous research indicated that higher temperature increased oleic acid concentration but decreased linoleic and linolenic acids concentrations [7, 8] . Other researchers explained that effect of temperature on fatty acids could be due to the effect of changing temperature on enzymes controlling the accumulation and conversion of fatty acid (desaturases) [10, 19, 43] and ω-6 desaturase enzyme degradation at high growth temperatures of 30˚C [21] .
Our results indicated that the increase of oleic acid and decrease of linoleic and linolenic acid at 36/28˚C and 40/33˚C compared with 25/20˚C may be due to a shift in nitrogen and carbon fixation, impacting nitrogen and carbon metabolism pathways. Analyses of seed carbohydrates (glucose, fructose, sucrose, raffinose, and stachyose) showed a significant decline of glucose, fructose, and sucrose and a significant increase of stachyose concentration with water stress and high temperature in all genotypes ( Tables 5-8) . Also, analyses of natural abundance of δ 15 N and δ
13
C isotopes (Tables 5-8) indicated that changes in sources of nitrogen and carbon fixation occurred, indicating possible changes in nitrogen and carbon metabolism pathways. The biological functions of sugar fractions such as raffinose and stachyose in soybean seed are still not completely understood [44] , although relationships between sugar fractions were previously reported. For example, a positive correlation between total sugar and sucrose and raffinose was reported, but no significant correlation was found for stachyose [45] [46] [47] . Other researchers found a positive correlation between sucrose and raffinose, but a negative correlation was found between sucrose and stachyose [48] . Our results showed that more conversion of sucrose, glucose, and fructose took place to cope against temperature stress [49, 50] . It has been reported that oligosaccharides including sucrose and raffinose are required during seed development and maturation, and may be involved in the acquisition of desiccation tolerance and protection of seeds against seed dehydration [51] .
High temperature does not only affect fatty acids in conventional soybean only, but also affect fatty acids in modified soybean genotypes. For example, when the effect of average temperature (30 days before the reproductive period) on modified fatty acid genotypes was studied across 10 environments, significant differences were found for oleic acid stability among mid-oleic acid genotypes, and mid-oleic acid genotypes N98-4445A and N97-3363-4 were the most unstable among the 17 genotypes studied [9] . Elevated oleic acid line (M23) (up to 80% oleic acid) were the most stable genotype for oleic and linolenic acids [9] . Linolenic concentration in re- duced linolenic acid genotype IA 3017 had higher stability across environments, but higher linolenic acid genotypes had less stability [9] . Greenhouse experiments showed that the concentration of linolenic acid decreased from 105 to 66 g/kg as daytime temperatures in the greenhouse increased from 21˚C to 29˚C [7] , and concentrations of linolenic acid decreased from 164 to 50 g/kg, linoleic acid decreased from 558 to 403 g/kg, and oleic acid increased from 131 to 387 g/kg as day/night temperature increased from 18/13˚C to 33/28˚C [11] . Our results showed that oleic increased and linoleic and linolenic decreased, but total oil can increase with the in-crease of temperature until it reaches a certain temperature, then the total oil decreases with a higher temperature increase (40˚C). The stability of palmitic and stearic with the temperature changes was previously reported [11, 12] . The recent development of modified soybean with desirable fatty acid traits (80% oleic acid, 1% linolenic acid, low or high saturated fatty acids) through conventional soybean breeding or biotechnology is a significant achievement [52] [53] [54] [55] . However, the instability of conventional cultivars and mid-oleic acid germplasm across environment created a challenge, mainly due to temperature changes that influence the enzymes controlling biosynthesis of soybean seed fatty acids, especially at seedfill stage [10, 19] . Temperature may affect oleate and linoleate desaturases [53] and decrease oleyl and linoleyl desaturase activities at 35˚C [20] . The ω-6 desaturase enzyme, encoded by the FAD2-1A gene, was degraded at high growth temperatures of 30˚C [21] . Because of the complexity of the effect of temperature on oleic acid stability, it was suggested that several soybean genomic loci known or suspected may be responsible for oleic acid phenotype, and some may be involved in oleate regulation [56] . Through the development of high oleic (80%) using combined mutations [23] , it was possible to obtain a stable high oleic acid trait across two production environments in the Midsouth USA [24] . In spite of the breeding programs and biotechnology efforts to obtain stable fatty acid traits across environment, further research may be needed to establish that other seed quality component are not compromised in developing non-GMO or GMO soybeans with desirable fatty acid composition under wider environments and across geographic locations.
Conclusion
Our research demonstrated that both water stress and high temperature altered fatty acid composition by increasing oleic acid and decreasing linoleic and linolenic acids. The decrease of glucose, fructose, and sucrose (non-structural carbohydrates) indicated that the alteration of fatty acids may be due to limited availability of sugars in the plants and translocation of sugars from leaves to seed during seed-fill. The changes in δ 15 N and δ 13 C isotopes indicated a shift in sources of nitrogen and carbon fixation, impacting nitrogen and carbon metabolism pathways and enzymes controlling fatty acid conversion. Further research is needed to investigate the effects of water stress and temperature on enzymes controlling fatty acid accumulation and conversion.
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